central Michigan and concluded that zone tillage improved soil physical conditions and in most years increased marketable yields of Russet Burbank potatoes.
Subsoiling improved crop yields in cereals and sugar beets (Beta vulgaris L.) in Belgium and lasted for three to five years (Ide et al., 1987) . Frederick and Bauer (1996) , working in South Carolina, reported increased wheat (Triticum aestivum L.) yield from subsoiling treatments. Sojka et al. (1990) reported generally improved seed yield and quality of sunflowers (Helianthus annuus L.) in South Carolina. Sojka et al. (1997) reported a New Zealand study where subsoiling increased oat forage yield. In tropical eastern Bolivia, Barber (1994) found improved soybean yield for at least three years following subsoiling.
Persistence of subsoiling can be short lived. For example, Busscher et al. (1986) found some evidence of subsoiling after one year, but there was no effect on crop yield. In a separate study, Busscher et al. (1988) found no yield effect from subsoiling a sandy loam in the southeastern Coastal Plain. Reconsolidation of loosened soils can take place within a year (Threadgill, 1982; Busscher and Sojka, 1987) . Sojka et al. (1990) reported that reconsolidation occurred within about a month following heavy rainfall, and there was no trace of subsoiling at the end of the season. Unger (1993) , using cone index and bulk density measurements, could not define paratill longevity effects with certainty from subsoiling on Pullman clay loam. He attributed the uncertainty to differences in soil water content at time of treatment imposition.
Our objectives were to determine the effects of zone subsoiling with a paratill plow, designed to minimize disturbance of water flow in irrigation furrows, on bulk
MATERIALS AND METHODS
The experiment, beginning in 1995, was conducted at the USDA-ARS Northwest Irrigation and Soils Research Laboratory near Kimberly, Idaho. The field, 188 m wide x 168 m long, is a Portneuf silt loam (coarse-silty, mixed, superactive, mesic Durinodic Xeric Haplocalcids). The field was divided into three replicates, each 63 m wide x 168 m long. Each replicate was initially divided into a disk (D) and a disk + paratill (DP) treatment. On 4 April 1995, both treatments were disked with a tandem disk to a depth of 0.1 m. On 18 April 1995, the disk + paratill treatment was tilled with a two-shank paratill plow to a depth of about 0.4 m. Irrigation furrows and plant beds were formed following disking and prior to paratilling.
To provide for undisturbed irrigation water flow, the paratill configuration was selected so that the 0.12-m deep irrigation furrows were not disturbed by paratilling. The paratill shanks were 1.52 m apart, with points oriented inward, each plowing the middle of two adjacent plants beds. The irrigation furrows were 1.12 m apart. Tractor wheels tracked the irrigation furrows to avoid compacting the plant beds ( fig. 1A ).
Barley (Hordeum vulgare L.) was grown in 1995. To minimize residue following barley harvest, barley stubble was cut 8 cm above the soil surface, baled, and removed from the plots. Dry beans (Phaseolus vulgaris L.) were grown in 1996 and 1997.
In 1996, we split the 1995 disk treatment into the following four treatments: 1) disk (D) (no change from 1995), 2) disk + paratill (DP), 3) paratill (P), and 4) no-till (NT). The 1995 disk + paratill treatment was split into the same four tillage treatments, except in this case the DP treatment was carried through from 1995. In the fall of 1995, the plots designated as D and DP for 1996 were disked. In the spring of 1996, the D and DP treatments were disked, and the P and DP treatments paratilled with the same configuration as in 1995. In 1997, we repeated the same treatments on the same plots with similar field operations as in 1996, except we modified the paratill plow arrangement by adding two more paratill shanks, thus treating each plant bed with two paratill shanks ( fig. 1B) .
Soil penetration resistance measurements were made with an Eijelkamp penetrologger (an electronic recording penetrometer) using a 12.8 mm diameter, 30° angle cone tip, according to ASAE Standard S313.2 (ASAE Standards, 1995) . The penetration resistance measurements were made each fall following harvest. Known wheel tracks from tractors and harvesting equipment were avoided.
As a guide for the penetrometer probe, we used a 1.12 m long X 0.80 m wide X 19 mm thick plywood template that reached across plant beds from the middle of one irrigation furrow to the next. The template had 36 guide holes (12 holes X 3 rows). The holes were 0.10 m apart in each of three parallel rows that were 0.20 m apart. Penetrometer readings were recorded at each 0.10 m depth increment, and assuming a full 0.80 m deep penetration, resulted in a potential 2,880 penetrometer readings from each template setting. One template set of readings was taken from each plot. Because of a dense cemented carbonate layer of variable depth, it was not possible to reach 0.80 m depth on every plot. Therefore, we limited analysis of cumulative cone index (CI) frequency to 0.50 m depth (minimum depth reached). Cone index is defined as the force required per unit base area to push the penetrometer through an increment of soil. In the analyses of cumulative frequency profile cone indices, we did not use the two penetrations taken in the irrigation furrows on either side of the plant bed. The two penetrations most affected by the paratill treatment were in the middle of the plant bed. In the CI frequency analysis, we separated these two penetrations from the three penetrations on either side of the middle and designated them the "middle two" measurements and the "outside six" measurements, pushed into the soil with greater ease in 1995 than in 1997. This resulted in the greater slope of the relationship between cone index and bulk density for the drier soil of 1997. The predictive relationships between CI and bulk density were respectable, with r2 values of 0.70 and 0.60 for the lesser (1997) and greater (1995) water contents, respectively. Portneuf silt loam is highly calcareous. Therefore, the relationship between CI and bulk density may vary at different water contents, depending on the effects of wetting history on the formation and dissolution of aggregate-binding carbonates, that is, on the strength of cementation.
CONE INDEX
Soil water content within years was not statistically different among treatments. Therefore, we compared cone indices directly among treatments within years without attempted adjustments for soil water content, as suggested by Busscher et al. (1997) . Although soil water content differed among years, adjustments for soil water content were not deemed necessary to show relative treatment differences among years.
Examples of treatment differences within and among years are shown as isopleths in figure 4 . Isopleths show the horizontal and vertical extent of soil disturbance. For uniformity of exposition, individual plots are limited to show depths of penetrometer readings not to exceed 0.50 m. Effects of the 1995 disk + paratill treatment on CI are readily apparent, as are the effects of the 1996 and 1997 paratill treatments. They are shown as the light-gray V-shaped areas (low CI values) on isopleths Bl, B2, and B3 in figure 4. The bottom of the "V" reached 0.40 m. Residual effects of the 1995 paratill treatments were present in 1996 on the no-till treatment (isopleth C2), but they had essentially vanished by 1997 (isopleth C3) and resembled the 1997 no-till treatment that followed disking in 1995 (isopleth A3).
Because of the paratill plow configuration, the main paratill effect was near the middle of the plant bed and away from the irrigation furrows and dry bean rows. The plant rows were located 0.28 m from the middle of the irrigation furrow ( fig. 1) figure 4 . Selections of these positions were made in order to show nominal position responses to the paratill treatments, both horizontally and vertically. Root-restricting soil strength values have commonly been considered to be in the range of 2 to 3 MPa (Taylor and Gardner, 1963; Taylor et al., 1966; Blanchar et al., 1978; Collis-George and Yoganathan, 1985; Busscher and Sojka, 1987; Nasr and Selles, 1995) . The point where root growth ceases depends on soil conditions. Gerard et al. (1982) found critical strength for a fine sandy loam to be about 5.2 MPa in the surface 0.30 m, whereas for a clay loam it was about 3.6 MPa. For Portneuf silt loam, we represent the approximate beginning of restricted root growth at 2 MPa, while root growth nominally ceases at 3 MPa, as shown by the shaded areas in figure 5 .
Cumulative frequency response to treatment differences and position differences are most clearly illustrated following the initial 1995 disk treatment ( fig. 5 , top three sequences). For the "middle two" positions, the highest frequency of low CI values belonged to the two paratill treatments (about 65% to 80% of values less than 2 MPa). The lowest frequency of low CI values belonged to the no-till treatment (about 20% of values less than 2 MPa). The results for the "outside six" positions tended to follow the trend of the "middle two" positions but were not as clearly defined. The no-till treatment had the lowest frequency of low CI values in both positions. Position, cm 1995 outside six 7-'
• .
• and disk + paratill (DP) treatments in 1995, followed by D, DP, paratill (P), and no-till (NT) treatments in 1996 and 1997. The sequences are broken out by "middle two" and "outside six" penetrometer readings, as illustrated in figure 1C . Shaded areas represent the approximate beginning of restricted root growth (2 MPa) to where root growth nominally ceases (3 MPa).
Results of tillages following the initial 1995 paratill treatment ( fig. 5 , bottom three sequences) were similar to those following the initial 1995 disk treatment but not nearly as pronounced. Reasons for the differences in response may be that the main effect of the paratill treatment was not perfectly centered in the middle of the plots, and some averaging of CI responses among positions may have occurred by the selection of the "middle two" and "outside six" positions.
We found no statistically significant differences (P 5_ 0.05) in either barley yield (1995) or dry bean yields (1996 and 1997) among tillage treatments. Sojka et al. (1993b) , working on a similar soil, showed beneficial effects of paratilling on yield and quality of furrow-irrigated potatoes. In their study, they paratilled directly under the potato hills following potato planting, leaving irrigation furrows intact. That particular strategy was not feasible with the crops we used in our experiment. Therefore, to gain any benefits from subsoiling under conditions such as discussed in this paper, a strategy different from either of the above must be devised.
SUMMARY
Our objective of maintaining the integrity of irrigation furrows for the free flow of water was met, and there were no runoff, infiltration, or erosion differences among treatments. However, under our conditions, since the paratill configuration was such that maximum subsoiling effect was away from plant rows, paratilling had no effect on crop growth and yield. The approximate beginning of restricted root growth was at CI = 2 MPa, and root growth nominally ceased at CI = 3 MPa. Cone index was influenced by soil water content differences among years, but in the context of our study, it was not deemed necessary to attempt to correct CI for soil water content differences. Residual effects of paratill treatment were apparent one year after treatment. Bulk densities were reasonably low and related well to CI within each season. These relationships may well depend on the effect of soil water on the strength of cementation of this highly calcareous soil. To use the relationships predictively in this case, either a series of relationships at various soil water contents or a soil water content correction must be developed.
